Abstract-This paper reports a neural-network-based methodology to estimate the amount of moisture content in soil at L, S and C frequency bands. A multilayered artificial neural network, using the Levenberg-Marquardt algorithm, is used as the ANN model. The input training data comprise the measured values of dielectric constant of soil in the dry and moist states. Dielectric constant is measured using microwave free-space transmission technique. Measurement has been performed using Vector Network Analyzer (VNA), microstrip patch antenna and soil sample holder. One great advantage with this method is that there is no need to test the pH value of the soil sample, and hence all the associated pre-processing steps, such as drying, pulverizing, can be avoided.
INTRODUCTION
Soil is an unconsolidated material on the immediate surface of the earth, which serves as a natural medium for the growth of land plants. It has been subjected to and influenced by genetic and environmental factors of parent material, climate (including moisture and temperature effects), macro and micro organisms and topography, all acting over a period of time and producing a product that differs from the material from which it has derived all the properties and characteristics [1] .
Soil system is fundamental to the growth of living things, and water is one of the most important components of plant growth. Moisture in soil serves as a solvent and carrier of food nutrients for plant growth and helps in the chemical and biological activities of soil. In short, the yield of crop is more often determined by the amount of water available rather than the deficiency of other food nutrients. Soil moisture depends very much on the nature of the soil itself. In general, clay, silty and sandy soils all have different capacities to retain soil moisture. Clays have the highest moisture retention capacity, while sandy soils have the least. The presence of adequate organic matter greatly improves the soil's moisture retention capacity. Particularly in semi-arid areas, the use of compost or organic manure makes all the difference and can effectively reduce the need for irrigation. Surface soil moisture is the water in the upper 10 cm of soil. After sea-surface temperature, soil moisture is the second most important forcing function [2] . Therefore the systematic study about the estimation of soil moisture content has evolved as a major need of the hour.
From a farmer's perspective, the pH of soil is the most important quantifiable parameter. pH refers to how acidic or alkaline the soil is. A simple numerical scale is used to express pH. The scale goes from 0 to 14, with 0 being most acidic, and 14 being most alkaline. The value 7 is neutral -i.e., neither acidic nor alkaline. Soil pH is important because it influences several soil factors affecting plant growth, such as soil bacteria, nutrient leaching, nutrient availability, toxic elements and soil structure.
A soil test for pH determination informs the farmer whether his soil will produce good plant growth or whether he needs to treat his soil to adjust the pH level. For most plants, the optimum pH range is from 5.5 to 7.0, but some plants will grow in more acid soil or may require a more alkaline level. Normally, lime or dolomite is used to increase the pH, or 'sweeten' the soil and ammonium sulphate or sulphur coated urea fertilizers lower the pH or 'sour' the soil.
How much is the soil's pH value and what is required to be added to improve his soil's fertility based on the pH are the only relevant suggestions given by the Soil Testing Laboratory to a farmer. This paper is an attempt to assist the farmers even better by predicting the soil moisture content, using electromagnetic principles, so that crop growth and productivity can be further improved.
Dielectric materials, including soil, behave differently in the presence of an electromagnetic field. When microwaves are directed towards a material, energy gets reflected or transmitted through the surface or absorbed by it. The proportions of above energy vary with the material properties. Permittivity ε and permeability μ are the key parameters describing the interaction of materials with electromagnetic fields [3] .
Dielectric profiles of materials are investigated in different parts of the frequency spectrum. Since recent research applications are concentrated at microwave frequencies, the work focuses in this range. At microwave frequencies, various non-resonant and resonant techniques are available for the measurement of dielectric constant of materials, which include transmission line, free-space, coaxial probe and cavity techniques [4, 5] .
The effect of moisture content on soil has been extensively studied. Experimental results carried out on 62 different samples (31 samples acidic and 31 alkaline, with varying Total Soluble Salt (TSS) and organic contents) of 20 ml each of soil under two different cases -(i) all dry samples and (ii) all samples individually mixed with 5 ml, 6 ml and 8 ml of water to study the effect of extra-added moisture in soil [6] . This paper reports the method to estimate the moisture content present in a sample of soil, using a trained ANN model and microwave free-space transmission technique.
Soil moisture estimation techniques are discussed in Section 2; the experimental setup and methodology are explained in Section 3 and the neural-network model is described in Section 4. Results are discussed in Section 5, followed by conclusion in Section 6.
TECHNIQUES FOR SOIL MOISTURE ESTIMATION
Methods available for the estimation of soil moisture content have been classified into two categories : (a) In-situ methods and (b) Remote Sensing. The in-situ methods are the Gravimetric Method, Nuclear Techniques, Electromagnetic Techniques, Tensiometric Techniques and Hygrometric Techniques. Remote sensing method uses visible & near infra-red, thermal infra-red and microwave techniques (both passive and active systems). Among these the microwave technique -either the in-situ or remote sensing -is the most popular [7] . The technique is based on the fact that the electromagnetic (EM) properties of soil vary with moisture content. The EM properties of soils have been of interest to various research areas for many years. These properties are not only frequency dependent but also dependent on density and water content. Two types of equations have been proposed to estimate the amount of moisture content in soil. The first category is empirical in nature. The second category is classified as volumetric mixing models, which are derived from discrete capacitor network theory [8] . The Topp's Equation connecting dielectric constant of soil with Volumetric Water Content (VWC) is given as [9] .
where θ v , the VWC, is defined as θ v = Water Volume (m 3 )/Total Volume (m 3 ) and ε r is the dielectric constant.
THE EXPERIMENTAL SETUP AND METHODOLOGY
The experimental setup used for the present study is shown in Figure 1 . A pair of identical coaxial probe-fed microstrip patch antennas (MPA) fabricated on a substrate (with ε r = 4.4, tan δ = 0.02 and thickness = 1.6 mm) are used as transmit/receive antennas. A sampleholder containing the soil samples, whose dielectric properties are to be determined, is placed in between the antennas. The study is conducted at three frequencies, viz. 1.88 GHz, 2.45 GHz and 5.44 GHz, in the (2) and (3), where n is an integer [10] .
The dielectric constant of each sample is computed using Equation (4).
where c is the velocity of light (m/s), f the frequency (Hz), and d the thickness of the layer of the soil (m). Dielectric constant of some common materials such as free-space, FR4, acrylic and water is measured to validate the proposed method. Typical antenna geometry is shown in Figure 2 ; dimensions of the antenna for the three frequencies are given in Table 1 . 20 ml each of 62 samples of soil are tested; of these, 31 samples are acidic in nature (pH below 7.0), while the rest are alkaline (pH above 7.0). All the samples are dry, powdered and fertilizer-extracted to remove all organic matter. The samples are the 'Udayamperoor' series from Ernakulam district, South India which are moderately acidic in nature (pH between 4.7 and 6.4) and 'Anuppur'/'Agali' series from Palakkad district, South India which are moderately alkaline (pH between 7.0 and 7.5) [11] .
All these samples are individually mixed with 5 ml, 6 ml and 8 ml of water; the effect of extra-added moisture in soil from the variation in the dielectric constant is thus analysed. 5 ml water in 20 ml soil corresponds to a VWC of 5/25 = 20%; similarly 6 ml and 8 ml water in 20 ml soil correspond to VWC of 23.1% and 28.6% respectively. These VWC values are chosen for study as they are the typical values in the upper 10 cm of soil. ε r of each dry soil sample is then calculated using Equation (4) . VWC in each case is computed using Equation (1) . This gives the amount of inherent moisture content present in the soil sample. Then ε r and VWC of each wet soil sample corresponding to the amount of water extra-added are calculated.
THE NEURAL NETWORK MODEL
Neural networks are composed of simple elements operating in parallel. These elements are inspired by biological nervous systems. One can train a neural network to perform a particular function by adjusting the values of the connections (weights) between elements. Typically, neural networks are adjusted, or trained, so that a particular input leads to a specific target output. Artificial neural networks (ANN) have been applied to a wide range of problems in many disciplines. One of the key application areas of ANN is Remote Sensing, where it has increasingly been used since 1988 for the classification of remotely-sensed images. Multi-layer perceptron trained by back-propagation algorithm is the most common neural network used for image classification. This type of neural network has been successfully applied to image processing. The Levenberg-Marquardt algorithm is well suited for problems with training data of this type [12, 13] .
In the proposed model, a single feed-forward ANN model, with 2 hidden layers having 18 and 12 neurons respectively, is used. The input data for training the model consists of the experimentally measured values of ε r of each dry soil sample and at all VWCs. The output or 'target' consists of the corresponding VWCs, expressed in percentage. While 'testing' or experimentally measuring the VWC of the soil sample at hand, it is enough to input its measured value of ε r . The output will then correspond to the four values of VWCs, one at the 'dry' state and the others at the three 'wet' states. The network is trained using almost all varieties of soil samples available in the locality and typical values of VWC in the upper 10 cm of soil. This guarantees excellent results.
The architecture of a three-layer feed-forward neural network is shown in Figure 3 .
The training and testing of data are carried out using MATLAB 6.1.
RESULTS AND DISCUSSION
The estimation of VWC of an unknown soil sample is done by carrying out the experiment with the sample in the holder, measuring its ε r using Equation (4) and evaluating VWC using the trained ANN model. Values of ε r of all soil samples are found for four different cases: (a) all dry samples (20 ml each), soil mixed with (b) 5 ml (c) 6 ml and (d) 8 ml of water. Measurement of ε r is carried out at all the three frequencies mentioned. Since the antenna dimensions at 5.44 GHz are the smallest, it will be convenient to perform the testing on unknown soil samples at this frequency. Hence result pertaining to the experimental setup at 5.44 GHz for all the dry samples is shown in Table 2 . It shows the error, expressed as a percentage, between the values of VWC levels measured using Topp's Equation and evaluated using the ANN model. It can be seen that the maximum percentage error is 1.14; for most cases, the error is 0%, signifying the accuracy of the proposed method. Similar results are obtained for the other two frequencies. Also, the method works well if the training is based on any of the three VWC also. The maximum error percentage at the three frequencies for the above-mentioned wet states of soil is shown in Figure 4 .
It is evident that the maximum error percentage does not exceed 1.25% for any of the frequency or VWC level used for training An advantage with this method is that there is no need to test the pH value of the soil sample and hence all the associated pre-processing steps such as drying, pulverizing etc. can be avoided to an extent.
CONCLUSION
First and foremost, the paper explores the relevance of usage of microwave frequencies for the dielectricproperty extraction of soil. It also reports a simple and accurate neural-network-based methodology to estimate the amount of moisture content in soil at L, S and C frequency bands. One major advantage with this method is that there is no need to pre-test the pH value of the soil sample. Hence all the associated pre-processing steps such as drying, pulverizing etc of soil samples. can be avoided, resulting in a huge saving of time. The United Nations has declared 2015 as the International Year of Soils and the official slogan is 'healthy soils for a healthy life'. This study on the dielectric properties of dry and moist soils is useful not only in assisting the farmers by predicting the soil moisture content so that crop growth and productivity can be further improved, but also in designing microwave sensors for soil-moisture estimation. On a larger note, the structure and chemical composition of soils can also be predicted. The data is helpful in designing sensors for microwave remote sensing and for the retrieval of soil-moisture content from the remotely-sensed satellite data. Hence, research in this area will enrich our knowledge of soil science and will prove beneficial to the farmers and all those involved in agriculture.
